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NATIONAL ADVISORY C O M m  FOR AERONAUTICS 

LIQUID HYDROGEN AS A JET FVEL FOR HIGH-ALTITUDE AIRCRAFT 

By Abe Si lvers te in  and Eldon W. H a l l  

IIJTRODUCTION 

The urgent requirement t h a t  m i l i t a r y  a i r c r a f t  f l y  ever f a r the r  and 
higher has l e d  t o  an intensive search f o r  fue ls  of higher energy as a 
means f o r  extending performance. Thus far, only casual a t ten t ion  has 
been given t o  t h e  p o s s i b i l i t i e s  of l i qu id  hydrogen as a f u e l  f o r  conven- 
t i o n a l  air-breathing engines despite t h e  f ac t  t h a t  it is  the  element with 
t h e  highest heating value ( f ig .  l), and has good combustion characteris-  
t i c s  over wide ranges of fuel-air m i x t u r e  ra t io .  

A deterrent t o  ear ly  and easy use of l iqu id  hydrogen as fuel has 
stemmed large ly  from i ts  high spec i f ic  volume (cu f t / lb ) ,  which i s  about 
t e n  times t h a t  of t h e  conventional hydrocarbons. Problems of supply and 
handling a lso  discourage i n t e r e s t  i n  a new fuel unless it is  shown that 
mi l i t a ry  requirements can be m e t  i n  no other way. Reference 1 pointed 
out t h e  d e s i r a b i l i t y  of research e f f o r t  on problems of a i r c r a f t  struc- 
ture, and fuel tankage and handling i n  suf f ic ien t  detail t o  determine 
whether a s igni f icant  pa r t  of t he  thermodynamic promise of hydrogen 
can be rea l ized  i n  ac tua l  f l i g h t .  
and major advances i n  t h e  aeronautical  f i e l d  have now i t e n s i f i e d  t h i s  
i n t e r e s t  i n  l i qu id  hydrogen as an a i r c r a f t  fuel. 

Both current mil i tary considerations 

Recent research on turbine and ram-jet engines and concurrent re- 
search i n  aerodynamics have provided information f o r  t he  design of m i l -  
i tary engines and a i r c r a f t  t h a t  w i l l  f l y  far higher than our present m i l -  
i t a r y  a i r c r a f t  can. These technological gains emphasize t h e  need f o r  
sound re-evaluation of l i qu id  hydrogen as a fuel, s ince it i s  a t  t he  high 
a l t i t u d e s  t h a t  i t s  advantages are most apparent. It is  now expected t h a t  
gas-turbine-engine spec i f ic  weight ( l b  of engine weight/lb of thrust) may 
become less than one-half t h e  value f o r  engines i n  current mi l i t a ry  use. 
Unconventional jet-engine configurations such as t h e  ducted-rocket, ducted- 
fan,  and ram-jet engines may have even lower spec i f ic  w e i g h t .  
engine weight, based on a l t i t u d e  engine performance, i s  t h e  primary v a r i -  
able t h a t  now es tab l i shes  t h e  ce i l ing  of a i r c ra f t .  With l i g h t e r  engines, 
f l i g h t  at  higher a l t i t u d e s  within the  next f e w  years may be confidently 
predicted. 

Specif ic  

Ai rcraf t  t h a t  f l y  a t  higher a l t i tudes  w i l l  have la rge  wings t o  pro- 
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The cycle calculations a l so  show tha t  the  thrust per pound of a i r  
may be 3 t o  5 percent higher with hydrogen a s  a f u e l  than i s  obtained 
with JT-4 f u e l  when the  maximum cycle temperature i s  the  same fo r  both. 
This increase i n  a i r  specif ic  t h rus t  occurs because the  water vapor i n  
the  exhaust of t he  hydrogen-fueled engine is of lower molecular weight 
(m = 18) than the  carbon dioxide exhaust of the  hydrocarbon-fueled en- 
gine (m = 44).  

With a density of 4.42 pounds per cubic foot a t  1 atmosphere and 
37O R, l i q u i d  hydrogen has a heating value of 228,600 Btu per cubic foot, 
which i s  about one-fourth of the value for  Jp-4 fue l .  Fuel storage i s  
obviously a problem with the  hydrogen fue l  when airplane volume is  
l imited . 

The low temperature of l iqu id  hydrogen and the  high value of spe- 
c i f i c  heat of hydrogen vapor (3.40 Btu/(lb)(OF)) are  properties of par- 
t i c u l a r  i n t e re s t .  
equipment compartments becomes necessary and cooling of t h e  engine tu r -  
bine becomes desirable, l iqu id  hydrogen would be avai lable  as a re f r iger -  
ant before in jec t ion  in to  the engine. An enthalpy change of about 1600 
Btu per pound occurs between l iqu id  hydrogen a t  37O R and hydrogen vapor 
a t  room temperature ( f ig .  3). If, as  i n  a sample f l i g h t  a t  a Mach num- 
ber  of 2, fie1 i s  burned a t  a r a t e  of &out 15,000 pounds per hour, the 
t o t a l  re f r igera t ion  capacity is  about 24 million Btu per hour or  t he  
equivalent of about 2000 tons of refrigeration. 
about 2500 horsepower would be required i n  a conventional re f r igera t ion  
plant  t o  provide t h i s  tonnage. 
refr igerant  before it i s  burned i n  the engine w i l l  provide extreme s i m -  
p l i f i c a t i o n  of t h e  cooling systems required f o r  a i r c ra f t  and engines de- 
signed f o r  supersonic f l i g h t .  

In  supersoxic f l i gh t ,  when cooling of the  crew and 

A compressor drive of 

The ava i lab i l i ty  of t he  hydrogen as a 

O f  fu r ther  i n t e re s t  a r e  the  combustion charac te r i s t ics  of t he  f ie1 
r e l a t i v e  t o  those of Jp-4 or  similar hydrocarbons. The combustion l i m i t s  
and eff ic iency a re  seriously reduced i n  turbojet  engines operating with 
JP-4 f’uel a t  a l t i t udes  of 70,000 and 80,000 f e e t  a t  speeds f o r  which max- 
imum range can be attained. 
combustion chamber high enough t o  sustain e f f i c i en t  combustion a t  these . 

a l t i t udes  and speeds, heavy high-pressure-ratio engines are required. 
As w i l l  be shown l a t e r ,  engine weight i s  the s ingle  most important vari- 
able determining the height t o  which an airplane can f l y j  i f  heavy en- 
gines a re  required t o  obtain good combustion efficiency, the a l t i t u d e  
performance i s  cur ta i led  dras t ica l ly .  In supersonic f l i g h t  a t  Mach 2 
and 80,000 f e e t  a l t i tude ,  the pressures i n  afterburners drop t o  about 
1 /2  atmospherej f o r  these conditions, the eff ic iency of good JP-4-fueled 
afterburners i s  generally about 85 percent. I n  the  ducted-fan engine at  
subsonic and transonic speeds, a t  a l t i tudes much above 50,000 fee t ,  
pressures and temp$;oa$E$s,,i,nF the duct passage a re  low and i n  the range 
of values f o r  whigh $3ffifiept (#gbu@i%? ha:, n%%o+% k e n  attaiheb’. ...... 

a .  0 .  e a  . 0 .  . . a  a . m . .  ......................... . 0 .  . 0 .  . 

I n  order t o  provide pressures i n  the engine 
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w i t h  conventional hydrocarbon f u e l s .  Although applied combustion data 
f o r  hydrogen a re  as  yet scant, 'chere a r e  excellent reasons t o  bel ieve 
t h a t  t h e  combustion charac te r i s t ics  of hydrogen w i l l  g rea t ly  excel those 
of Jp-4 f u e l  i n  the  low-pressure conditions of high-al t i tude f l i g h t .  

Curves showing the  m i n i m u m  pressure f o r  which combustion can be sus- 

These curves were estimated from experimental data  obtained a t  t h e  
tained i n  a standard 2-inch-dianleter combustion tube a re  shown i n  f igure  
4.  
Lewis laboratcry under s i m i l a r  t e s t  conditions. 
pressures a re  p lo t ted  against  equivalence r a t i o ,  which i s  u n i t y  f o r  a 
stoichiometric mixture of f u e l  and air .  Minimum pressure f o r  combustion 
a t  stoichiometric mixture r a t i o  is  R millimeters of mercury f o r  hydrogen 
as compared with 32 mill imeters of mercury f o r  Jp-4 f u e l  measured under 
t h e  same t e s t  conditions. Jus t  as s igni f icant  as the  low pressure a t  
which combustion i s  supported, i s  t he  extremely wide range of mixture 
ratios f o r  which the  combustion i s  sustained. 

The minimum combustion 

Measurements or" laminar flame velocity f o r  hydrogen and f o r  hydro- 
carbon fue l s  ( r i g .  5) a re  also of in t e re s t .  These laminar flame veloci-  
t i e s  were obtained i n  Bunsen burner and flame-tube experiments ( r e f .  2 ) .  
R e s u l t s  show t h a t  t he  laminar flame velocity of  hydrogen i s  about 7.6 
times t h a t  of JP-4 fue l .  These data support expect>ations t h a t  both t h e  
combustion l i m i t s  and combustion e f f ic ienc ies  of hydrogen w i l l  be g rea t ly  
superior t o  those of J-P-4 a t  marginal a l t i t u d e  burning conditions. 

O f  even greater  significance a re  sesu1.t~ c;btained i n  recent tests 
a t  the Lewis laboratory on a 533 turbojet-engine combustor ( r e f .  3). 
Tests i n  t h i s  combustor were made using hydrogen vapor as a fue l .  The 
combustor was modified only by ac?apting the  fue l - in jec tor  nozzdles f o r  
t h e  use o f  a gaseous fue l .  Investigations were conducted over a range 
of pressures i n  the  combustor down t o  a lnost  l/iO zttmosphere. Despite 
t h e  f a c t  t h a t  t he  combustor l i n e r  and fue l - in jec tor  system were not prop- 
e r l y  adapted t o  the  charac te r i s t ics  of t he  low-density vapor fue l ,  excel- 
l e n t  combustion e f f ic ienc ies  were measTired over wide ranges of combustor 
pressure and velocity.  No combustion i n s t a b i l i t y  o r  flame blow-outs were 
observed over th.e e n t i r e  range of f u e l  and a i r  flows investigated.  

For  comparison, a gaseous hydrocarbon f w l ,  propane, was burned i n  
t h e  same cornbustor over l imited ranges o f  temperature r i s e .  
pressure t e s t  conditions, cornbustion eff  icieiicies were low and were ad- 
versely affected by increases i n  combustor ve loc i t ies  and decreases i n  
combustor-inlet pressure. Since t h e  combustion charac te r i s t ics  of gaseous 
propane are superior t o  those of l i q u i d  3p-4, a comparison of hydrogen t o  
Jp-4 f u e l  would reveal an even greater  advantage f o r  hydrogen. 

A t  t h e  low- 

SECRET 
~~~ 



. 0 .  . 0.  . ......................... ........ . a .  0 0 .  0 .  0 .  
a ..e.. . ................ . 0 .  0 .  . .... . 0 . .  0 .  0 .  ....................... .......... 

NACA RM E55C28a SECRGT 5 

about 94 percent i s  shown f o r  an a l t i t ude  of 80,000 f ee t .  Since these 
data were obtained i n  a combustor designed f o r  l iqu id  hydrocarbon fuel, 
and since it is  known that the  mixture r a t io  i n  the  region of the  f u e l  
in jec tor  was too r i ch  f o r  most e f f i c i en t  burning, it is  expected t h a t  
e f f ic ienc ies  approaching 100 percent can be real ized i n  combustors de- 
signed f o r  hydrogen f u e l  and operated a t  these f l i g h t  conditions. 

Knowledge regarding the  manufacturing, storage, and handling of 
l i qu id  hydrogen has been advanced i n  recent years by e f f o r t s  of t h e  
Atomic Energy Commission and the m i l i t a r y  services. 
chemically s table .  After converting from the ortho t o  the para struc- 
ture ,  it may be stored f o r  long periods of time i n  appropriate storage 
vessels. This conversion evolves 220 Btu per pound converted. Normally, 
gaseous hydrogen i s  7 5  percent ortho and 25 percent para; at i ts  boi l ing 
point it i s  substant ia l ly  a l l  i n  the para form when it i s  i n  equilib- 
rium. No large f a c i l i t i e s  f o r  production o f  hydrogen now exis t .  Its 
cost  i n  l i m i t e d  quant i t ies  i s  about the same as t h a t  of other chemical 
products purchased i n  small quantit ies.  

Liquid. hydrogen is  

Di f f i cu l t i e s  i n  handling o f  the f u e l  w i l l  be aggravated because of 
i t s  excellent combustion character is t ics .  Safe handling techniques have 
been developed among s m a l l  groups now working with l iqu id  hydrogen. 

FUELS SYSTEMS AND TANKS 

The properties of l iqu id  hydrogen provide the  poss ib i l i t y  f o r  the  
design of an a i r c r a f t  f u e l  system without fue l  pumps. 
the  f u e l  may be provided by tank pressure. 
number of 0.75 a t  80,000 f ee t  a l t i tude ,  pressure i n  the  combustion chamber 
of a tu rboje t  engine designed t o  burn hydrogen i s  l i k e l y  t o  be about 0.3 
atmosphere. Allowing f o r  pressure losses  i n  f u e l  l i nes  and regulators, 
which would be small because of the low density and viscosi ty  of the  l i q -  
u id  fuel,  a pressure of from 1 t o  1.5 atmospheres (15 t o  22 lb/sq i n . )  i n  
the  tank should be ample t o  pump the f u e l  t o  the engine combustion 
chambers. 

Pressure t o  PUMP 
For cruising f l i g h t  a t  a Mach 

A t  a f l i g h t  Mach number of 2 a t  80,000 f e e t  a l t i tude ,  pressure i n  
the  primary combustion chamber of t he  turbojet  engine w i l l  be about 0.8 
atmosphere. This value i s  based on an engine with a sea-level s t a t i c  
compressor pressure r a t i o  of 6.25, which calculation shows t o  be a good 
compromise design value fo r  t h i s  Mach number. A tank designed f o r  an 
in t e rna l  pressure of about 2 atmospheres will provide more than adequate 
pumping pressure f o r  the  cruising f l i g h t  condition. 

Auxiliary tanks of smaller s i z e  with higher i n t e rna l  pressures a re  
required f o r  take-?;?, ,,cdi";b,.to a y t ? ~ u d ~ ( ~ a n ~ , l e ; t - ~ ~ ~ .  $wever,. ca:cu- 
l a t ions  indicate  fgft  l ~ g - ~ ~ p g ~  mi8gion,s, oq3y:abo$ f b : & ~ $  ?f 
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the  fuel must be carr ied i n  the  high-pressure tanks. The tank pressure 
requirements w i l l  d i f f e r  f o r  each eng ine -n ix ra f t  configuration, and a 
separate study w i l l  be r.ecpire:l f o r  each design. 

It i s  contemplated i;i a iiquid-hy(irogen, self-pumping f u e l  system 
that  most of the fue l  w i l l  be delivered t o  t he  v i c in i ty  of t he  engine as 
a l iquid,  and w i l l  be car r ied  i n  vacuum-insulated f u e l  l i n e s  such as are 
conventional f o r  handling of t he  fue l .  
tank a t  a r a t e  determined by the  heat f lo t i  i n to  the  tank through t h e  tank 
insulation. 
t i o n  chamber by t h e  tank pressure and burned with the  remainder of t h e  
fue l  i n  t h e  engine. 
as a l i qu id  w i l l  be heated and vaporrzed before in jec t ion  i n t o  t he  engine 
combustion chamber i n  order t o  provide t h e  aforementioned cooling. 

Some f u e l  w i l l  vaporize i n  t h e  

This vaporized f u e l  w i l l  a l s o  be pumped t o  t h e  engine combus- 

It i s  expected i n  any event t h a t  the f u e l  delivered 

Liquid hydrogen may be stored a t  pressures near one atmosphere i n  
l iquid nitrogen cooled Dewar vessels wi-!;h a loss from evaporation of 
about 1 percent per day. It may be s tored indef ln i te ly  with no evapora- 
t i ve  l o s s  i n  D w a r  vessels equipped with mechanical re f r igera t ion .  A i r -  
c ra f t  tanks must necessarily be l i gh te r  i n  weigbt than the  standard hy- 
drogen Dewar  vessels and new ideas fclr aircrhf't  tank design are required. 

Studies of t he  tank problem have reve&le% ilzteresting p o s s i b i l i t i e s  
for t h e  construction of light-.weight insulated tanks t h e t  u-ti.lize some of 
t he  technology developed f o r  t h e  construction of f u e l  tanks f o r  long-range 
rocket missiles, It i s  suggested t h a t  liquid-hydrogen tanks may be con- 
s t ructed as a cy l indr ica l  -balloon. of  light-gage metal, t h a t  depends on 
in te rna l  pressure t o  m i n t a i n  i t s  s b p e .  The h y e o g e n  w i l l  be i n  d i r e c t  
contact with the  metal t;ank w a l l s ,  so t h a t  t h e  wall temperature w i l l  
then be about t h e  same ii:j t h e  tem$)erature of t ,he hydrogen. 
w ~ y ,  advantage can be taken of t h e  favora,ble increase in t h e  physical 
properties of t h e  metal a t  t h e  l o w  storage temperature of l i qu id  hydrogen 
(40° R ) .  Yield s-Lrength of aluminum and of some s t e e l s  i s  increased 40 
t o  70 percent above t h e  rocm temperature v a h e  by reducing the  tenpera- 
tu re  t o  40° R ( f ig .  7 ) .  Euc t i l l ty ,  as measured i n  elongz.tion t e s t s ,  elso 
remains adequa'Ge f o r  aluminum and t h e  nickel s t e e l s  a t  the lower tempera- 
tures  ( f i g .  8 ) .  Figures 7 and 8 were obtalned Yron reference 4. 

In t h i s  

Calculations show t ha t  about 25,000 pou-nds of l i q u i d  hydrogen may be 
contained i n  a cyl indrical  tank about 10 f e e t  i n  diameter and 6i f e e t  
long, i f  10 percent vokme i s  allowed f o r  f u e l  expansion i n  the  tank ( f ig .  
9 ) .  
2564 square f ee t .  If s t a in l e s s  s t e e l  i s  used f c r  t he  tank and methods of 
welded tank construction t h a t  have been developed f o r  l a rge  rocket tanks 
a r e  applied, it i s  calculated t h a t  a tank of t h i s  s ize ,  weighing a.hout 
2600 pounds, will r e s i s t  an i n t e r a a l  pressure of 4 atmospheres (60 lb/sq 
in . )  >oef?re.yi~&di-gg; If. t . 9 ~  p:';pp;z i n  t;$.t?o&o io:.limited t o  2 atmos- 

:is 2 based on t he  p h e e s  3 3  Q$oF-of$ v a L T ,  t4Jc c?ge.gigg ffs&or:of: 

Such a tank has a volume of 6153 cubic f ee t ,  and a surface area of  

y i e m  &fCnp;th. pf :hard'.WC . 3Ql*,$&B&$;i at&$: a t  about 40° R . 
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Studies of tank-insulating material showed t h a t  a foam p l a s t i c  with 
a weight of 1.3 pounds per cubic f o o t  combines sa t i s fac tory  charac te r i s t ics  
of low thermal conductivity, good s t ruc tura l  properties, and effectiveness 
as  a vapor bar r ie r .  Foam plast ics ,  available commercially i n  s izes  appro- 
p r i a t e  f o r  construction, a re  r e l a t ive ly  inexpensive. Calculations show 
t h a t  a 2.4-inch layer of t h i s  insulat ion w i l l  provide adequate protection 
f o r  the tank when it i s  housed i n  the fuselage or  wing s t ruc ture  with only 
nominal vent i la t ing  flows over the tank insulation surface. If the  tank 
i s  precooled with refr igerated helium gas before i n i t i a l  f i l l i n g ,  calcu- 
l a t ions  indicate  t h a t  the tank may be f i l l e d  over 2 hours before a sched- 
uled f l i g h t  and not require topping o f f  before t h e  f l i g h t .  
i s  not precooled, 2 t o  3 percent of t he  l iquid hydrogen w i l l  be evaporated 
t o  cool the  tank and insulation. Thus, fue l  may be added i n  the  expansion 
volume of t he  tank and the  tank vent l e f t  open t o  the atmosphere before 
beginning the  f l i g h t  so a s  t o  avoid the  necessity f o r  topping the  tank. 

If t h e  tank 

I In  subsonic long-range f l i g h t  a t  high a l t i tude ,  f u e l  w i l l  vaporize 
a t  a r a t e  l e s s  than one-third the r a t e  a t  which f u e l  i s  being used by the  
engines. I n  supersonic f l i gh t ,  when higher fuel-flow r a t e s  t o  the  engine 
a re  used, t h e  vaporization r a t e  i n  t h e  tank w i l l  be a m c h  smaller per- 
centage of t h e  f i e 1  r a t e  t o  the  engines. 
previously, t he  h e 1  vapor w i l l  be ducted t o  the  engine and burned. 

I n  e i the r  case, as  mentioned 
, 

The foam insulation f o r  t he  tank is  estimated t o  weigh about 700 
pounds, and a layer  of aluminum f o i l  f o r  radiat ion shielding w i l l  weigh 
an addi t ional  64 pounds. The weight of the s ta in less -s tee l  tank she l l ,  
2600 pounds, and the  insulat ion weight, 764 pounds, add t o  a tank weight 
of 3364 pounds t o  s tore  25,000 pounds of l iqu id  hydrogen. 
estimated tank weight i s  0.134 of the weight of t he  hydrogen contained. 

Thus, the  
I 

I n  the  subsequent analysis, a s l igh t ly  higher value of tank weight 
of 0.15 t i m e s  the  fue l  weight has been used i n  order t o  include the  
heavier spec i f ic  weight of the  small high-pressure tanks used i n  the  
take-off, climb, and let-down. 

ENGINES AND AIRCRAFT 

Extended f l i g h t  a t  a l t i t udes  of 70,000 and 80,000 f e e t  and above, 
using air-breathing engines, requires development of a i r c r a f t  engines 
and airframes especially compromised f o r  the a l t i t ude  mission. The 
weighting of the  elements i n  the  usual design compromises ehange with 
design a l t i tude ,  and performance fac tors  tha t  a re  of f i r s t -o rde r  impor- 
tance f o r  a t ta in ing  long-range f l i g h t  a t  50,000 f e e t  a l t i t u d e  may need 
t o  be ra ted  of secondary importance f o r  a s imilar  mission t o  be accom- 
plished a t  80,000 f e e t  a l t i tude .  
i s  a l so  v i t a l l y  dependent on the  heating value of the  f u e l  used and i s  
d i f fe ren t  f o r  hydpqea.apb$br hy&yqrban,W&,,: .***: . . . . .  

The weighting of the  design compromises 

0 ...... . a me. 8 8.0 8 8 .  8 .  
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This s h i f t  with a l t i t u d e  i n  t h e  r e l a t i v e  compromise value of t h e  
various design variables of t he  a i r c r a f t ,  such as engine weight, s t ruc -  
t u r a l  weight, aerodynamic efficiency, and spec i f i c  f u e l  consumption, 
occurs because spec i f i c  weight of air-breathing engines increases with 
a l t i t ude .  Since t h e  thrust of these engines decreases approximately as 
a i r  density decreases, a logarithmic increase i n  specif ic  engine weight 
( lb  o f  engine weight/lb of ac tua l  thrust) occurs as a l t i t u d e  i s  increased, 
i f  f l i g h t  speed i s  unchanged. 

If spec i f i c  engine weight a t  sea-level s t a t i c  condition i s  used as 
a reference, t h e  r e l a t i v e  change i n  spec i f i c  engine weight with a l t i t u d e  
depends on f l i g h t  speed. Values f o r  a f l i g h t  speed of Mach 0.75 a r e  
given i n  f igu re  10, which shows t h a t  t he  spec i f i c  weight increases 25 
fo ld  from sea-level s t a t i - c  conditions t o  f l i g h t  a t  80,000 f e e t  a l t i t u d e .  
A t  a f l i g h t  speed of Mach 2.5 and 80,000 f e e t  a l t i t ude ,  t h e  change i n  
specif ic  weight referenced t o  sea-level s t a t i c  spec i f i c  weight i s  not as 
large as a t  Mach 0.75 because of t h e  increase i n  engine t h r u s t  a t  high 
f l i g h t  speeds due t o  r a m  compression. For t h i s  f l i g h t  condition, t h e  
specif ic  engine weight increases f o r  a representative case t o  t e n  times 
t h e  sea-level value. It i s  obvious from these considerations why engine 
we igh t  i s  such a powerful and determining variable i n  a i r c r a f t  designed 
f o r  high-altitude f l i g h t .  

Since t h r u s t  i s  obtained a t  such a heavy penalty i n  weight a t  high 
a l t i tude ,  extreme a t ten t ion  must be given t o  designing an e f f i c i e n t  aero- 
dynamic configuration s o  as t o  reduce t o  a minimum the  t h r u s t  require- 
ment. The compromise here i s  i n  the  direct ion of accepting heavier 
s t ruc tu ra l  weight associated with high wing aspect r a t i o s  and t h i n  wing 
sections i n  order t o  increase t o  a, maximum the  l i f t - d r a g  r a t i o  f o r  
cruising, 

In  contrast  t o  engines designed f o r  long-range cruising a t  a l t i -  
tudes o f  40,000 and 50,000 feet, i n  which engine spec i f i c  f u e l  consump- 
t i o n  i s  the most important compromise variable, increases i n  engine 
specif ic  f u e l  consumption may be accepted with l e s s  penalty f o r  f l i g h t  
at  80,000 f e e t  a l t i t u d e  i f  l i g h t e r  weight engines r e s u l t .  
indicate t h a t  engines with sea-level compressor pressure r a t i o s  of about 
6, although l e s s  e f f i c i e n t ,  w i l l  provide a subsonic cruise radius  com- 
parable t o  t h a t  with the more e f f i c i e n t  but heavier high-pressure-ratio 
engines. The same engine may then serve e f fec t ive ly  f o r  both subsonic 
and supersonic applications. 

Calculations 

Benefits of t he  trend toward l i g h t e r  but l e s s  e f f i c i e n t  engines a r e  
accentuated when hydrogen i s  used as a fue l .  
value per pound, a l e s s  e f f i c i e n t  engine cycle may be accepted even more 
readily than f o r  t h e  hydrocarbon fue l ,  i f  adequate saving i n  engine weight 
results.  
lighter. ewimes. can .be :$&me$ by-? $m?d o f = f . p * t k p ?  .each pound of 
hydroken: &&id! in. $his pay= ymld,be o$er:t%ice a$*EfecCive i n  extending 
range.as.2 pdunfl*of hydrbtarVUd f f& l / **  ..am *.** "* 

Because of i t s  high heating 

If every pound of weight saved i n  the  a i r c r a f t  by the  use of 
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A fu r the r  compromise t h a t  must be accepted i n  high-al t i tude a i r c r a f t  
using hydrogen f o r  fue l  i s  a high fuselage s t ruc tu ra l  weight t o  accornmo- 
date t h e  l a rge  volume of fuel t o  be carried. 

Because of t he  la rge  engine th rus t s  avai lable  at sea-level and t h e  
low wing loadings of a i r c r a f t  designed f o r  high a l t i tude ,  take-off, climb, 
acceleration, and landing present no problems. An exception, of course, 
is  t h e  take-off and landing problems of ram-jet a i r c r a f t .  
climb of supersonic turboje t  a i r c r a f t  w i l l  normally be accomplished with 

a c t e r i s t i c s  need not therefore  be compromised f o r  take-off performance. 
This concept i s  pa r t i cu la r ly  s ign i f icant  i n  t h e  case of  tu rboje t  engines 
designed f o r  Mach numbers of 2 and above. Properly applied, it leads t o  
reduction i n  t h e  weight of t h e  engines designed wholly f o r  supersonic 
f l i g h t .  

Take-off and 
N 

0 par t - th ro t t l e  engine operation. High-altitude, design-point engine char- 
n 
4 

These general observations of t he  re la t ive  importance of a i r c r a f t  
design variables f o r  high-alt i tude f l i gh t  w e r e  revealed by a de ta i led  
analysis  of numerous a i r c r a f t  configurations i n  which t h e  important de- 
s ign parameters were varied systematically. In tu i t i on  and more general  
analysis  (ref.  5 )  provide broadly the same results. The more extensive 
analyses of t h i s  paper are usefil,  however, i n  providing information on 
how t h e  general pr inciples  adapt themselves in to  ac tua l  engine and air-  
c r a f t  configurations. A f e w  of t h e  r e su l t s  of t h e  analysis  are presented 
t o  show engine and a i r c r a f t  types and t h e i r  performance f o r  several  high- 
a l t i t u d e  f l i g h t  missions with l i qu id  hydrogen used as t h e  fuel. 

Comparisons a re  made i n  some of t h e  cases with configurations s u i t -  
ably designed f o r  using Jp-4 fue l .  
assumptions of engine weight, s t ruc tu ra l  weight, aerodynamic efficiency, 
e t c .  were made as i n  t h e  calculations for t h e  hydrogen fuel. The tank 
weight and volume requirements of the airplane were, of course, different .  
The JF-4 f u e l  w a s  credi ted with t h e  same value of combustion eff ic iency 
as  t h e  hydrogen f u e l  although it is  expected t h a t  t h e  values will be 
lower. 

For these calculations,  t h e  same basic 

The a i rc raf t  and engines shown a re  considered t o  be no more than 
schematic representations of how a i r c r a f t  and engines may look when t h e  
new weighting of t h e  compromises introduced by high-alt i tude f l i g h t  and 
a new fuel a re  applied i n  design. 
and not de ta i led  designs. The missions selected f o r  t h e  study w e r e  t h e  
following : 

I 

l The intent  i s  t o  present gross results 

Subsonic bomber 
Subsonic reconnaissance 
Supersonic bomber 
Supersonic reconnaissance 
Supersonic f i g h t e r  .......... ....................... 

8 .  0 .  0 . .  . .... . 0 .  0 .  . ................ ...... 
0 .  0 .  0 .  0 0 .  . ........ 
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The r e s u l t s  of t he  analysis  a re  summarized i n  t ab l e s  11, 111, IV, 
and V i n  which t h e  major assumptions and calculated cha rac t e r i s t i c s  and 
performances o f  the  engine and a i r c r a f t  a r e  given. B r i e f  discussions of 
t he  engine and a i r c r a f t  configurations t h a t  evolved a re  given i n  t h e  sub- 
sequent sections of  t he  paper. 

Subsonic Bomber 

The problem established f o r  t he  subsonic bomber w a s  t o  determine 
t h e  weight and general configuration of an a i r c r a f t  using l i q u i d  hydro- 
gen as a fue l  t h a t  would carry a 10,000-pound bomb and 5000 pounds of 
f ixed  equipment t o  a t a rge t  a t  a radius 5500 naut ica l  miles and a r r ive  
over t h e  t a rge t  a t  80,000 f e e t  a l t i t ude .  

The f l i g h t  plan f o r  t he  bomber i s  shown i n  f igure  11. The climb t o  
a l t i t ude  i s  made a t  a constant indicated airspeed of  105 knots, w i t h  
i n i t i a l  rate of climb of 6000 f e e t  per minute. 
speeds a t  l o w  a l t i t udes  reduced the  s t ruc tu ra l  loads on the  airplane.  
Fuel consumption for climb may be reduced, however, i f  t h e  climb i s  made 
a t  higher indicated airspeeds.  

Maintaining l o w  f l i g h t  

The bomber cruises  t o  within 1000 miles of t he  t a r g e t  a t  a Mach num- 
ber  of 0.75 and an a l t i t u d e  of about 70,000 f e e t  then climbs t o  80,000 
f e e t .  A schematic drawing of t h e  bomber t o  accomplish t h i s  mission i s  
shown in f igure  12. 
and it i s  powered 5y fmr tu rboje t  engines having a sea-level s t a t i c  
t h r u s t  r a t ing  o f  about 25,000 pounds. 

I ts  sea-level take-off weight i s  130,000 pounds, 

The unconventional appearance of t he  airplane r e s u l t s  from t h e  high 
aspect r a t i o  (13) of the  31' swept wing. The r e l a t i v e  wing weight i s  
high, but the gains i n  aerodynamic eff ic iency resu l t ing  from the  high 
aspect r a t i o  more than compensate f o r  t he  high wing weight. 

' garding t h e  airplane dimensions and charac te r i s t ics  a re  given i n  t a b l e  
11. 

Detai ls  r e -  

A possible arrangement of t he  hydrogen tanks i n  the  airplane i s  
shown i n  f igure  13. 
Drop tanks are  e f fec t ive  f o r  extending t h e  radius  of t he  ai rplane beyond 
5500 nautical  miles. 
small i n t e r n a l  wing tanks t o  accomplish t h e  5500 naut ica l  mile radius, 
with a considerable s implif icat ion i n  the  a i r c r a f t  f i e 1  system. 

Fuel i s  s tored i n  both the  fuselage and wings. 

Alternatively,  they may be used i n  place of  t h e  

AeroQnamic invcst igat ions of high-aspect-ratio, swept-wing conf ig-  
urations have been conducted a t  t he  NACA Ames Aeronautical Laboratory 
( r e f .  6 )  a t  Reynolds numbers comparable t o  those encountered i n  high- 
a l t i t u d e  f l i g h t .  
l i s h i n g  values f o r  aerodynamic eff ic iency (L/D) and f o r  determining t h e  

These r e s u l t s  and others served as a guide i n  estab- .......... ....................... 
e .... . e .  e .  e . .  
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nature of control and s t a b i l i t y  problems. 
the  study did not account f o r  t he  poss ib i l i t i e s  of u t i l i z i n g  boundary- 
layer  control t o  maintain laminar flow over the  airplane surfaces. 
niques f o r  control of the  boundary layer  w i l l  probably be first applied 
i n  service f o r  f l i g h t  a t  low Reynolds numberj t he  high-alt i tude a i r c r a f t  
of the'present study of fer  opportunity for  i t s  application. 

The l i f t -d rag  values used i n  

Tech- 

The turbojet  engines chosen f o r  t he  mission (engine A i n  t ab le  N) 
have a spec i f ic  weight of 0.2 pound per pound of t h rus t  i n  sea-level 
s t a t i c  operation, and a maximum turbine-inlet  temperature of 2000° R. 
The engine weight is  about one-half t h e  weight of the  engines currently 
in s t a l l ed  i n  ex is t ing  lower-altitude bombers. Advanced development en- 
gines currently under contract by t h e  mil i tary services have brochure 
weights comparable t o  the  values assumed for  t h i s  study. 
engines are  designed f o r  supersonic f l i g h t  missions and could possibly 
be made even l i gh te r  f o r  the  nominal requirements of t h e  present mission. 
If engines of current specif ic  weight, about 0.4 pound per  pound of 
th rus t ,  were assumed i n  the  bomber calculations fo r  an 80,000 fee t  t a rge t  
a l t i tude ,  t he  f l i g h t  radius would be reduced t o  about 40 percent of t h a t  
possible with a specif ic  engine weight of 0.2 pound per pound of thrust. 

These brochure 

The engines f o r  subsonic f l i g h t  a t  80,000 f e e t  should be designed 
with consideration of t he  low Reynolds number of the  flow a t  t he  compres- 
sor  inlet. 
margins would result i f  short-chord, low-speed compressor blading were 
used on the  i n i t i a l  compressor stages. 
probably be a "must" on the  i n i t i a l  compressor stages of these engines. 
The heavier compressor weight of wide-chord blading w i l l  probably be 
o f f se t  by t h e  r e l a t ive ly  low compressor pressure r a t i o  (6.25) required 
f o r  the  engine, by the  higher inflow per uni t  of f ron ta l  area made possi- 
b l e  with transonic compressor design, andby the  possible reductions i n  
engine combustion-chamber length r equ i r ed to  burn hydrogen. The use of 
four la rge  engines instead of additional smaller engines is  based on the 
desire  t o  maintain highest possible Reynolds numbers a t  the  compressor 
i n l e t  blading. 

Serious reductions i n  compressor efficiency and engine stall 

Wide-chord transonic blading w i l l  

The e f fec t  of t a rge t  a l t i t ude  on f l i g h t  radius fo r  the subsonic 
bomber i s  shown i n  figure 14. 
without drop tanks. The curves given a r e  envelope curves of a s e r i e s  
of a i r c ra f t ,  each designed f o r  a different  t a r g e t  a l t i t ude .  
a l t i t u d e  of 80,000 feet, t he  bomber without drop tanks has a f l i g h t  radius 
of about 5400 naut ical  miles. With drop tanks containing a t o t a l  of 9,200 
pounds of l i qu id  hydrogen, f l i g h t  radius i s  increased t o  about 6300 nau- 
t i c a l  miles. The gross take-off weight of t h e  bomber with drop tanks i s  
about 143,000 pounds. 

Values a re  shown f o r  the bomber with and 

A t  a t a rge t  

If somewhat la rger  bomb and fixed-equipment weight had been assumed 
f o r  the  bomber mission, t he  same range and a l t i t u d e  performance could be 
achieved but with a la rger  and heavier airplane. 
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It w a s  of i n t e r e s t  t o  determine how much f a r t h e r  a l a rge r  and heavier 
a i rplane could carry t h e  15,000 pounds of f ixed  and bomb load assumed f o r  
t h e  study. Results of t h i s  analysis  are shown i n  f igure  15. The f l i g h t  
radius i s  increased only about 550 naut ica l  m i l e s  by increasing the  a i r -  
plane gross  weight from 130,000 t o  200,000 pounds. 
corresponds t o  only a 10.3 percent increase i n  radius f o r  a 54 percent 
increase i n  a i rplane gross weight. 

This difference 

Abomber fueled with JT-4 and of t he  same gross weight (130,000 lb) 
as t h e  hydrogen-fueled bomber would have a f l i g h t  radius  only about 38 
t o  40 percent of t h a t  obtained with l i q u i d  hydrogen ( f ig .  16) .  If t h e  
bomber fueled with JP-4 were increased i n  gross weight t o  300,000 pounds, 
i t s  f l i g h t  radius  would approach about 60 percent of t h a t  shown f o r  t h e  
130,000-pound, hydrogen-fueled bomber. 

Subsonic Reconnaissance Airplane 

The same f l i g h t  plan ( f ig .  11) w a s  chosen for the  subsonic recon- 
naissance airplane as was used f o r  t he  subsonic bomber. Other assumptions 
regarding aerodynamic charac te r i s t ics ,  engine, and s t ruc tu ra l  weights were 
h e l d t h e  same i n  both bomber and reconnaissance airplanes.  The design of 
t he  reconnaissance airplane d i f f e r s  from t h a t  of t h e  bomber only because 
t h e  10,000-pound bomb load i s  eliminated. The f ixed-equipment weight of 
5000 pounds w a s  held t h e  same. 
a ta rge t  a l t i t u d e  of 80,000 feet are shown i n  t a b l e  11. 

The cha rac t e r i s t i c s  of t h e  airplane f o r  

Omission of t h e  bomb load enabled reduction of t h e  a i r c r a f t  weight 
t o  75,000 pounds, achieving a f l i g h t  radius  of over 5800 naut ica l  miles 
a t  a t a r g e t  a l t i t u d e  of 80,000 f e e t  ( f ig .  1 7 ) .  

If a i rplane gross weight a t  take-off were increased t o  about 88,000 
pounds by t h e  addi t ion of drop tanks, t h e  f l i g h t  radius with a t a r g e t  
a l t i t ude  of 80,000 f e e t  increases t o  over 7000 naut ica l  miles. 

F l igh t  radius  f o r  t h i s  a i rplane may a l so  be increased by increasing 
normal gross weight. 
130,000 pounds, f l i g h t  radius increases (from 5800) t o  6400 naut ica l  miles 
( f ig .  18). 
pounds instead of 5000 pounds, a i rplane performance and gross weight w i l l  
be  about t h e  same as t h a t  of t h e  subsonic bomber. 

If airplane weight is  increased from 75,000 t o  

If it i s  desired t h a t  t h e  fixed-equipment weight be  15,000 

Sup e r s oni c Bomber 

The problem establ ished f o r  t h e  supersonic bomber w a s  t h a t  of  deter-  
mining gross weight and general configuration of a liquid-hydrogen-fueled 
airplane t h a t  would carry a bomb load of 10,000 pounds and a fixed equip- 
ment load of 5000 pounds a t  supersonic speeds f o r  a dis tance of 1500 ....................... .......... 
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naut ical  m i l e s .  
f igure  19. The airplane climbs a t  subsonic speed t o  about 40,000 f e e t  
a l t i tude .  It accelerates there  t o  the  design f l i g h t  Mach number of 2.0, 
and then completes the  climb, a t  the  design speed, t o  the  i n i t i a l  cruise  
a l t i t u d e  of 70,000 feet. The airplane climbs s teadi ly  during cruise  out, 
at a constant Mach number of 2.0, u n t i l  it reaches the  t a rge t  a t  an a l t i -  
tude of 75,000 fee t .  After dropping the bomb load, t he  re turn  i s  also 
made a t  Mach 2.0 with steady climb t o  near 80,000 f e e t  before reaching 
the  base. 

The f l i g h t  path of t h e  supersonic bomber is  shown i n  

The general a i rplane configuration t o  f u l f i l l  t h i s  mission is  shown 
i n  figure 20. 
t i ons  are presented i n  t ab le  11. 
i n  t h e  fuselage. 
3 and taper  r a t i o  of 2. 
wing thickness r a t i o  is 3 percent, which r e s u l t s  i n  r e l a t ive ly  high wing 
weight. Similarly, f’uselage fineness r a t i o  i s  14, which results i n  low 
fuselage drag but r e l a t ive ly  high fuselage weight. The saving i n  engine 
th rus t  requirement and, hence, i n  engine weight t h a t  r e s u l t s  from in-  
creasing aerodynamic efficiency more than compensates f o r  t he  increase 
i n  w i n g  and fuselage weight. 

Some of the  general assumptions and r e s u l t s  of calcula- 
All  of t he  f u e l  i s  contained i n  tanks 

The airplane has a s t ra ight  wing with aspect r a t i o  of 
In  order t o  gain high aerodynamic efficiency, 

This airplane i s  powered by s i x  turbojet  engines of type B, which 
is i l l u s t r a t e d  i n  figure 21. 
performance a re  presented i n  t ab le  IV. The excellent combustion charac- 
t e r i s t i c s  of l i qu id  hydrogen and high air-flow capacity of the  transonic 
compressor were exploited i n  t h i s  engine t o  obtain a low over-al l  engine- 
nacel le  f ron ta l  area. 
Because of the  excellent re f r igera t ion  capacity of l iqu id  hydrogen, a 
cooled turbine with an inlet-gas temperature of 2500° R w a s  assumed. 
Detai ls  of a possible turbine cooling System a re  discussed i n  a l a t e r  
sec t  ion. 

The assumed engine charac te r i s t ics  and 

The engine i s  not equipped with an afterburner. 

The schematic arrangement of t he  components as they would f i t  with- 
i n  the  nacelle is  shown i n  figure 21. 
l eve l  s t a t i c  pressure r a t i o  of 6.2, has a pressure r a t i o  of 4 .1  and an 
equivalent air  flow of 35 pounds per second per square foot  a t  the  design 
f l i g h t  Mach number of 2.0. Combustor-inlet,velocity i s  about 200 f e e t  
per second a t  design f l i g h t  conditions. For these conditions, a two- 
stage turbine is  necessary i n  order t o  obtain a turbine t h a t  w i l l  f i t  
within the  nacelle diameter, which has been determined by t h e  other en- 
gine components. Sea-level specif ic  weight of t he  engine was assumed 
t o  be 0.16. This r e l a t ive ly  low specific weight could be assumed because 
of the  high turbine- inlet  temperature ( 2 5 0 0 O  R ) .  
the  low weight a re  the  r e l a t ive ly  high specif ic  a i r  flow and use of a 
transonic compressor and short combustors. 
clinib present no problem for  t h i s  airplane, t he  engine can be designed 
pr inc ipa l ly  f o r  the  design f l i g h t  condition w i t h  l i t t l e  regard f o r  of f -  
design operation a t  take-off. 

The compressor, which has a sea- 

Also contributing t o  

Inasmuch as take-off and 



This supersonic bomber, with a gross weight of 130,000 pounds, has 
a 1545 naut ica l  mile f l i g h t  radius a t  a t a r g e t  a l t i t u d e  of 75,000 feet, 
when powered with six turboje t  engines, each with a compressor t i p  d i a m -  
e t e r  of about 42 inches. The e f f e c t  Of t a r g e t  a l t i t u d e  on radius  i s  shown 
i n  f igure 22. 
80,000 f e e t ,  l a rge r  or more engines are,  of course, required and the  
f l i g h t  radj--s would be decreased t o  1280 miles. 

If t h e  airplane were designed f o r  a t a r g e t  a l t i t u d e  of 

CalcLlat.ions were a l so  made t o  determine t h e  radius  t h a t  could be 
U 
c 
N 

obtained usj-ng Jp-4 fue l .  The same basic  equations and assumptions were 

were used f o r  computing t h e  performance with l i q u i d  hydrogen a s  t h e  fuel. 
The r e s u l t s  of these calculat ions ( f ig .  22) a l so  show t h e  e f f e c t  of t a rge t  
a l t i t ude  on f l i g h t  radius.  A t  a l l  t a rge t  a l t i t u d e s  t h e  radius with JP-4 
i s  l e s s  than 55 percent of t h a t  with l i qu id  hydrogen. 

r used t o  coxpute a i rplane s t ruc tu ra l  weight and aerodynamic eff ic iency as 

The e f f ec t  on f l i g h t  radius of  changing gross weight o f  t h e  hydrogen- 
fueled airplane i s  shown i n  f igure  2 3  f o r  a t a rge t  a l t i t u d e  of  75,000 
feet. 
increases f l i g h t  radius only 6 percent (from 1545 t o  1630 miles) .  

Increasing gross  weight 54 percent (from 130,000 t o  200,000 l b )  

Supersonic Reconnaissance Airplane 

The problem establ ished f o r  t h e  supersonic reconnaissance airplane 
w a s  t o  determine t h e  general configuration and f l i g h t  radius  of a l iqu id-  
hydrogen-fueled airplane with a gross weight of 75,000 pounds t h a t  has 
a ta rge t  a l t i t u d e  of 80,000 f e e t  and a f l i g h t  Mach number of 2.5. 
f l i g h t  conditions a r e  more s t r ingent  than t h e  75,000 f e e t  t a r g e t  a l t i t u d e  
and 2.0 f l i g h t  Mach number of t h e  supersonic bomber. The airplane climbs 
a t  subsonic speed t o  near 40,000 feet a l t i t ude ,  accelerates  t o  t h e  
desig;. f l i g h t  Mach number of 2.5, and then completes t h e  climb a t  t h e  
design speed t o  t h e  i n i t i a l  cruise  a l t i t u d e  of about 70,000 f e e t .  
airplane climbs s t ead i ly  during cruise  out a t  a constant Mach number of 
2.5, u n t i l  it reaches t h e  t a r g e t  a t  an a l t i t u d e  of 80,000 fee t .  
r e t u r n  is  made a t  a nearly constant a l t i t u d e  of 80,000 feet .  

These 

The 

The 

The a i rplane configuration i s  similar t o  t h a t  of t h e  supersonic 
bomber. 
f l i g h t  Mach number of 2.5 (engine C i n  t a b l e  IV). 
ment of t h i s  engine i s  i l l u s t r a t e d  i n  f igure  24. Like engine B, t h i s  
engine has a cooled turbine with a turb ine- in le t  temperature of  2500O R. 
Also i l l u s t r a t e d  i n  figure 24 i s  a turbine-cooling arrangement. Air t h a t  
i s  bled from t h e  compressor exit  i s  cooled by l i qu id  hydrogen i n  t h e  heat 
exchanger. The cooled a i r  enters  t h e  turbine disk through the  turbine 
inner cone and struts. 
charged from t h e  blade t i p s  i n to  t h e  gas stream. The s t a t o r  blades a re  
cooled d i r e c t l y  by hydrogen as it flows t o  t h e  primary combustor a f t e r  

The airplane i s  powered by afterburning engines designed f o r  a 
The general arrange- 

After cooling the  hollow blades, t h e  a i r  is d is -  



leaving the  heat exchanger. The cooling system shown i s  one of inany t h a t  
may be devised with hydrogeil as the coolant. 

Engine C i s  shown with a one-stsge turbine. Smaller nacelle diameter 
could be obtained i f  a two-stage turbine were used, except t ha t  the 
af terburner- inlet  velocity would be prohibitive. Because the  f ron ta l  area 
of a two-stage turbine could not be u t i l i zed ,  a one-stage turbine was 
used i n  order t o  reduce the  cooling-air f l o w  required. For the  nacelle 
f r o n t a l  area as  set by the  diameter of t he  one-stage turbine, the  
af terburner- inlet  velocity i s  approximately 525 feet per second. 
of the  components of engine C u t i l i z e  the  nacelle f ron ta l  area t o  obtain 
minimum length and should therefore r e su l t  i n  both a short  and l igli t-  
weight engine. The sea-level s t a t i c  engine pressure r a t i o  of engine C i s  
4.3. A t  the  design f l i g h t  Mach number of 2.5, the  pressure r a t i o  is  2.5. 
The spec i f ic  weight of t h i s  engine a t  take-off was assumed t o  be 0.18 
unaugmented but including the  afterburner weight. 

Each 

For a gross weight of 75,000 pounds and t a rge t  a l t i t ude  of 80,000 
feet, a radius of 1345 miles was calculated ( table  11). Four engines 
(type C )  each having a compressor t i p  diameter of 33 inches a re  required. 
The e f fec t  of ta rge t  a l t i t ude  on f l i g h t  radius i s  shown i n  figure 25. 
Increasing t a rge t  a l t i t ude  from 80,000 t o  90,000 f e e t  decreases the 
radius from 1345 t o  1050 m i l e s .  

The f l i g h t  radius of t he  sirplane when powered by the  nonafterburning 
engines B and f ly ing  a t  a Mach number of 2.0 i s  a l so  shown. A t  t a rge t  al- 
t i t udes  below 85,000 fee t ,  the  airplane was calculated t o  have a longer 
f l i g h t  radius when powered with engine B a t  a f l ight Mach number of 2.0 
than when powered with the  afterburning engine C a t  a f l i g h t  Mach number 
of 2.5. A t  a ta rge t  a l t i t ude  of 80,000 fee t  and Mach number of 2.0, t he  
radius i s  more than 1500 naut ical  miles with engine B. A t  90,000 fee t ,  
however, t he  radius i s  decreasedt:, 700 miles. 

The e f f e c t ' o f  airplane gross weight on the  f l i g h t  radius of the  
supersonic reconnaissance airplane with engine C i s  shown i n  f igure 26 
f o r  a f l i g h t  Mach number of 2.5. 
airplane i s  only 6.7 percent of the  75,000-pound gross  weight, s o  t h a t  
increasing gross weight t o  200,000 pounds increases the  radius from 1350 
t o  only 1500 miles. I n  fact ,  the  calculations indicate  t h a t  increase i n  
gross  weight above about 180,000 pounds w i l l  decrease f l i g h t  radius, be- 
cause of reduction in  s t ruc tu ra l  efficiency of the  airplane. 

The weight of f ixed equipment i n  t h i s  

Super sonic Fighter 

The problem established f o r  the  supersonic Tighter was t o  determine 
the  weight and configuration of a hydrogen-fueled airplane t h a t  would 
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cruise 500 miles a t  Yach 2.5,, corn$& f o r  5 minutes, and re turn  t o  base. 
It was assumed t h a t  :.he fix.ecl equipment for crew, armament, navigation, 
and electronics  veighed 300C pounds. 
i s  described t n  fi.gi;ure 27 f o r  t h e  airpiam? powered with turboje t  engines. 
The airplane clj.yrit3s a t  subscnic s p e c s  t o  40,f000 f e e t  a l t i t ude ,  where it 
accelerates t o  Nach 2.5. A t  Mach 2.5 it then climbs t o  70,000 f e e t  a l -  
t i t ude  and continues a.t this a l t t l u d e  t o  t h e  combat zone where it climbs 
t o  80,000 f e e t  and engages i n  ccmbat. 
a t  Mach 2.5 and a t  t he  al-%itUde selected for Inaxfwm radius.  

. The f l i g h t  plan for t h e  mission 

After cornbat it re turns  t o  base 

Several propii.sir;:l systems for t h e  fighher a i r c r a f t  were analyzed 
t o  determine whether one type showed outstanding ad-vantages over another. 
The following propulsion-system conf'igu-atiQns were studied: 

Since nacelle ins.tt-.l.l_r','i,iorLF s.rere xsed  foir ~ Y L  t h e  en.gine systems, 
t he  schemt ic  cim.ving (?;.go 23) of' . t h e  fL@ter with tur30,jet engine in-  
s t a l l e d  i s  generzlfy represeri+a-ti\.~n of the airplane cmf  igurat ion f o r  
a l l  engine in s t a l i a t ions  s.tu<iied. The gc'-ie:rai assumpt;ions of t h e  study 
and t h e  r e s a l t s  of' the analysis  for 5.. cx . i s e  rndius of 500 miles are 
shown f o r  t he  airzx-aft and engines i.2 %bles  I I T ,  .Tv, and V. 

Perfornimce of t he  f igh te r  exp~ssec!  i n  t e rns  of gross weight as 
a function of combat radius i.s shomi fn f igure  29. A t  a design combat 
radius of 500 nautTcal miles, 1;hze gross weight i s  22,350 pounds f o r  t h e  
f igh ter  fueled with l i . q u i d  hydro5e2-i. A t  t . h l s  sane gross weight, t h e  
a i r c r a f t  fueled ~ i t h  JF-4 has a radius of' 2% naut ica l  miles. The re- 
s u l t s  show %ha+; a raclius of 590 nauticcl_ miles and a combat ce i l ing  of 
80,000 f e e t  cannot 'be att.&-ned with a JP-4-fueled f i g h t e r  a t  Mach 2.5 
within t h e  zissump-bions of this study. 
be achieved with a hgilrc;gen-fueled f igh ie r  weighing s l i g h t l y  more than 
40, (300 pounds. 

A radius of 700 naut ica l  miles can 

In  arr iving a t  t he  wei.g'r,ts j u s t  Fresented fo r  both the  hydrogen- 
and JP-4-fueled a i r c ra f t ,  t h e  englaes were s ized t o  provide l eve l  f l i g h t  
a t  80,000 f e e t  a l t i t u d e  tsith take-off g r o s s  weigh.t. 
i n  climb and cru ise  out t o  combat i s  t,aken i n t o  account, t h e  engine thrust 

If t h e  f u e l  burned 
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i s  adequate t o  provide a combat maneuver of only 1.1 g without l o s s  of 
airspeed o r  a l t i t u d e  i n  the  maneuver. 
and a l t i t ude  be maintained i n  maneuvers exceeding 1.1 g, additional en- 
gine thrust is  required f o r  t he  airplane. Since wing loading of t he  air- 
plane at  combat is  59 pounds per square foot, and the  conibat l i f t  coef- 
f i c i e n t  is  only 0.25, the  wings a re  capable of sustaining high conibat- 
maneuver loadings. 
addi t ional  engine weight required t o  hold speed and a l t i t ude  with d i f -  
fe ren t  maneuver loads i s  shown i n  f igure 30. The curves indicate  l i t t l e  
hope of a f igh te r  of any weight accomplishing more than a 1.5 g maneuver 
a t  80,000 f e e t  without losing speed. Exchange of speed f o r  a l t i tude,  a s  
i n  the  "zoom" technique, eliminates the need f o r  the excess engine weight 
and may be a prac t ica l  combat practice.  

If it i s  required t h a t  both speed 

The ef fec t  on a i r c r a f t  gross weight due t o  the  

For the  f igh te r  with a combat a l t i tude  of 80,000 f e e t  and maneuver- 
a b i l i t y  of 1.1 g, the  in s t a l l ed  turbojet  engine weight i s  more than 25 
percent of t he  airplane gross weight. Other propulsion-system configu- 
ra t ions  ((b) ,  (c), and (d))  were therefore subst i tuted t o  determine if  
these l i g h t e r  engines would reduce the  gross weight of t he  f igh ter  air- 
plane. The general assumptions of the  engines used i n  these propulsion- 
system configurations a re  given i n  tab les  N and V. Configuration (b), 
designed f o r  a f l i g h t  Mach number of 2.5, is a combination of tu rboje t  
engine C and the  ram-jet engine designed for a Mach number of 2.5. The 
turbojet  component i s  only large enough t o  provide adequate take-off, 
climb, and acceleration performance, but it operates a t  full power 
throughout t h e  f l i gh t .  A schematic diagram of the  ram-jet engine is 
given i n  figure 31. 
hydrogen fuel reduces requirements i n  combustor size. The ram-jet engine 
weight was assumed t o  be 150 pounds per square foot of combustor area. 

I n  the  ram-jet engine as i n  the  turbojet ,  use of 

In  configuration (c),  the  turbojet  component of configuration (b) 
i s  replaced with a rocket engine t o  provide t,hrust during climb and 
acceleration. Because the ram-jet engine i s  more e f f i c i e n t  a t  the  higher 
f l i g h t  speeds, t he  design Mach number was increased t o  3.0. 
propellant assumed i s  l i qu id  hydrogen and oxygen, with a spec i f ic  impulse 
of 360 pound-seconds per pound of fuel. 

The rocket 

The air-turbo-rocket engine configuration (a) i s  sham diagmmmtic- 
a l l y  i n  figure 32. 
scribed simply as follows. 
hydrogen-oxygen rockets drives a one-stage compressor. 
temperature i s  held t o  values near 2000° R, by using fuel-r ich mixtures 
i n  the  rocket chamber. The excess of fue l  i n  the  turbine exhaust i s  mixed 
with the  compressor a i r  and burned i n  an afterburner. 
are discharged t o  provide thrus t .  
burned i n  the  afterburner t o  provide additional th rus t .  
t h rus t  i s  not required, propellant flow t o  the  rocket and compressor pres- 
sure r a t i o  a re  reduced. 

Operation of the  air-turbo-rocket engine can be de- 
A turbine driven by exhaust gases from 

Turbine-inlet 

The exhaust gases 

When maximum 

For maximum engine efficiency a t  high f l i g h t  

Additional hydrogen may be added and 
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speeds, compressor pressure r a t i o  i s  reduced t o  approximately 1 and t h e  
engine is  operated l i k e  a ram je t .  The air-turbo-rocket engine therefore  
provides e s sen t i a l ly  ram-jet engine performance f o r  c ru ise  i n  combination 
with a high th rus t  capabi l i ty  f o r  a i rplane take-off, climb, and accelera- 
tion. 
per square foot of compressor-tip area.  

The weight of t h e  air-turbo-rocket w a s  assumed t o  be 294 pounds 

The performance of a i rplanes with t h e  various propulsion-system 
configurations are given i n  t a b l e  I11 and t h e  airplane gross weights are 
indicated on f igure  29 f o r  a radius  of 500 m i l e s .  
about t h e  same gross weight f o r  a 500-mile radius and a combat a l t i t u d e  
of 80,000 f ee t .  
advantages over t h e  others.  

All t h e  ai rplanes have 

None of t h e  propulsion-system configurations shows l a rge  

Subst i tut ion of t h e  ram-jet engine f o r  pa r t  of t h e  turboje t  engine 
(engine C )  a t  a f l i g h t  Mach number of 2.5 reduces the  f i g h t e r  gross 
weight t o  about 20,500 pounds. 
tor area i s  about t w o  t o  th ree  times the  turboje t  compressor area.  If 
the  airplane i s  equipped with even smaller tu rboje t  engines and compensat- 
ingly la rger  ram-jet engines, t h e  lower take-off t h r u s t  gives poor climb 
and accelerat ion performance of t he  airplane and r e s u l t s  i n  increased 
gross weight. 

In  t h i s  combination, t h e  ram-jet combus- 

Take-off gross weight of t h e  rocket-boosted ram-jet configuration is 
about 30,500 pounds. A large p a r t  of t h i s  weight, however, i s  rocket 
propellant and a t  burn-out of t he  rocket (Mach number, over 2.0)  a i rplane 
weight is about 21,500 pounds. 
i s  about 25,600 pounds. 
by carrying the  rocket propellant f o r  boosting i n  external  drop tanks. 
I n  the present conf igaa t ion ,  both the  rocket engine and propellant tanks 
are car r ied  throughout t he  f l i g h t ,  and increase both t h e  weight and 
fuselage volume. 

Thrust of t he  rocket engine during boost 
The weight of t h i s  combination could be reduced 

Gross weight with t h e  air-turbo-rocket engine i s  about 24,000 pounds. 
Although t h i s  configuration i s  about 2500 pounds 'heavier than t h e  rocket- 
boosted ram-jet configuration a t  rocket burn-out, it is  about 6500 pounds 
l i gh te r  than t h i s  configuration a t  take-off.  
air-turbo-rocket engine i s  more than compensated for by t h e  lower fuel 
consumption during climb and acceleration. 

The heavier weight of t he  

CONCWDING FZMAXS 

This analysis shows t h a t  within t h e  state of t h e  a r t  and t h e  progress 
anticipated,  a i r c r a f t  designed f o r  liquid-hydrogen &el  may perform 
several  important mi l i ta ry  missions t h a t  comparable a i r c r a f t  using hydro- 
carbon (Jp-4) f u e l  cannot accomplish. 
and reconnaissance f l i g h t s  of over 5500 naut ica l  m i l e  radiu.s without 

These include (1) subsonic bomber 



refuel ing with an a l t i t u d e  over the  t a rge t  of 80,000 fee t ;  ( 2 )  supersonic 
bomber (Mach 2.0) and reconnaissance f l i g h t s  (Mach 2.5) of about 3-500 
naut ica l  mile radius  with a l t i t udes  over the t a r g e t  of 75,000 feet f o r  
t h e  bomber and 80,000 feet f o r  t he  reconnaissance a i r c r a f t ;  (3)  super- 
sonic f i g h t e r  a i r c r a f t  with a combat radius (Mach 2.5) of 700 naut ica l  
m i l e s  and a c o d a t  a l t i t u d e  of 80,000 feet. 

t i t u d e  can be obtained with e i t h e r  l i qu id  hydrogen o r  Jp-4 fue l ,  t h e  
take-off gross weights of t he  a i r c r a f t  f’ueled with hydrogen are one-half 
o r  less than those of t he  JP-4-fueled a i r c ra f t .  For high-alt i tude air- 
c r a f t  and m i s s i l e  missions other than those investigated i n  t h i s  analysis,  
it m a y  be expected t h a t  s imilar  gains i n  radius and reductions i n  gross 
weight w i l l  be demonstrated when l iqu id  hydrogen i s  used as fuel. 

For missions of shorter  radius, where t h e  desired distance and al- 

The performance calculated f o r  the  various missions w i l l ,  of course, 
not be rea l ized  unless t h e  assumptions regarding engine weight, aerodynamic 
efficiency, tank w e i g h t ,  s t ruc tu ra l  weight, e tc .  can be rea l ized  i n  t h e  
a i r c r a f t  and i t s  components. Substant ia l  applied research and development 
e f f o r t  w i l l  be required i n  many technical  f ields t o  achieve t h e  goals 
outlined. 

Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Apri l  1, 1955. 
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TABLE I. - PHYSICAL PROPERTIES OF HYDROGEN 

Heating value,  Btu/lb . . . . . . . . . . . , . . . . . . . . . 51,571 
Density, l iqu id  at 1 a t m ,  57' R, lb/cu f t  . . . . . . . . . . . . 4.42 
Density, vapor at  1 a t m ,  492' R, lb/cu f t  . . . . . . . . . . . 0.0056 
Boiling point  a t  1 a t m ,  % . . . . . . . . . . . . . . . . . . . . 37 
Melting point, OR . . . . . . . . . . . . . . . . . . . . . . .  25.2 
Critical temperature, % . . . . . . . . . . . . . . . . . . 59.6 
Critical pressure, lb/sq i n .  abs. . . . . . . . . . . . . . . . . 188 

atrn . . . . . . . . . . . . . . . . . . . . 12.8 
C r i t i c a l  density, lb/cu f t  . . . . . . . . . . . . . . . . . . . 1.95 
Latent heat, melting, Bt,u/lb . . . . . . . . . . . . . . . . . 25.2 
Latent heat, vaporization at  1 a t m ,  Btu/lb . . . . . . . . . . . . 194 
Conversion from ortho t o  para s t ructure ,  Btu/lb . . . . . . . . . . 220 
Viscosity, l iquid,  centipoises . . . . . . . . . . . . . . . . . 0.014 

Viscosity, vapor, centipoises at T OK . . . . . . 
Specific heat, vapor at  519' R, Btu/(lb)(oR) . . . . . . . . . . . 3.4 
Ratio of spec i f i c  heats, vapor a t  519' R . . . . . . . . . . . . 1.41 

0.0084( 
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TABLE 11. - CHARACTERISTICS AND PERFORMANCE OF BOMBER AND RECONNAISSANCE AIRPLANES 

I Airplane I 
Subs onlc 
bomber 

~~ 

Subsonic 
re connai s s a c e  

0.0 0.0. 0.0 . 0.0 0.. e.. 0 . 0.00 0.0 0 . 0 .  

0 .  0 . 0  0.0. 0 .  0 .  . . . . . . . . . . . . . . . . .  ...... 
0 .  0 .  0 0  0 ........ . . 0 .  

0 .............. I&#& .a. 0.  . 0 0  0 0 0  0 
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engine, in .  

engine. l b  
Rated sea-level thrust ,  each 

-~ 
Ram- je t  

Number 
Combustor d imeter ,  each 

engine, in .  
- 

Rocket 

C r u i s e  specif ic  fue l  consumption 
Rated sea-level thrust ,  lb 

based on net  th rus t  minus 
nacelle drag, (lb/hr)/lb 

_ _ _ _ _ ~ -  

Wing: 
Area, sq f t  
Sweep angle, aeg 
Aspect r a t i o  

Taper r a t i o  

- 

Average section thickness r a t i o  

Cruise: 

13,650 ll,350 8,490 

2 '  E ._ 
29.7 34.2 

25,600 
0.694 0.770 0.863 0.849 

-___ 

344 272 253 282 
0 0 0 0 
3 3 

0.035 0.035 0.035 0.035 

- 
- 

3 7  
I 21 2 21 21 

SECRET NACA RM E55C28a 

Ehpennage : 

Fuselage : 
- ~- 

Area, sq f t  

Length, f t  
Diameter, ft 

Cruise l i f t  coeff ic ient  
Cruise l i f t -drag  ra t io ,  airplane 

Turbo- 
j e t  C 

~ 

103 82 76 85 

88 89 98 98 
7.3 7.4 8.2 8.2 
0.16 0.19 0.17 0.22 
3.7 3.4 3.1 3.3 

Harn- j e t  
plus 
turbo- 
j e t  C 

Ram- j e t  
plus 
rocket 

-I 

Air- 

rocket 
turbo- 

Total  s t ruc tura l  wei 

ompressor diameter, each 



TABU IV. - CHARACTERISTICS AND PERFORMANCE OF 

A 

Engine 

B C 

Design flight Mach number 
Rated turbine-inlet temperature, % 

(2.75 2.0 2.5 
2000 2500 2500 

Inlet total-pressure ratio at design 

Compressor: 

10.95 
Mach number I 
Rated pressure ratio at sea-level 6.2 
static conditions I 8 *o  I 4*1 I 2.5 Rated pressure ratio at design Path 
nmber 

0.91 0.82 

6.2 4.3 

25 i 37*5 I 35 I Rated equivalent air flow at design 
Mach number, (lb/sec)/sq ft 

Number of stages 

Primarv combustor: I I I 

2 1  2 1  1 

Reference velocity, ft/sec I 110 I 200 I 180 

Afterburner: 
Inlet velocity, ft/sec 
Pressure at 80,000 ft altitude, a b  
Exit temperature, OR 

Pressure at 80,000 ft altitude, atm 10.30 10.82 I 0.96 
Turbine : 

None I None 
525 

0.53 
3500 

Y I  

Specific air consumption, (lb/hr)/lb 67.1 
Specific fuel consumption (Jp-4 fuel), 1.16 

0.20 
(lb/hr ) /lb 

Sea-level rated specific weight, lb/lb 

70.9 48.7 
1.58 2.30 

0.16 80.18 

Rated perfornance at design Mach number 
based on net thrust minus nacelle drag: 

aUnaugmented but including afterburner weight. 

23 
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Rocket 

TABLE V. - CHARACTERISTICS AND PERFORMANCE OF ROCKET, 
RAM-J-ET, AND AIR-TURBO-ROCKET ENGINES 

Ram jet I Air- I 
turbo- 

~ _ _ _ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~  

Design flight Mach number 
Inlet total-pressure ratio at 
design Mach number 

Combustor: 
Inlet Mach number 
Pressure at 80,000 ft altitude 

Exit temperature, 91 
Performance at design Mach num- 

ber based on net thrust minus 
nacelle drag: 

atm 

air consumption, 

Specific fuel consumption I (Jp-4 fuel), (lb/hr)/lb 
Sea-level specific impulse 

Specific weight : 
(hydrogen-oxygen) , lb-sec/l.b 

Lb motor/lb thrust at sea 

Lb engine/sq ft combustor 

Lb engine/sq ft compressor 

level 

area 

area 

Engine 1 

................................. . . 0 .  0 .  . ......... .... 0 . .  . 0 .  0 .  ...... 0 .  0 .  0 .  ........ . 0 .  . 0 .  . 0 .  . 0 .  ................ 
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Pressure, a t m  

Figure 2 . - Temperature-pressure-density r e l a t i o n  of saturated l i q u i d  
hydrogen. 

I I 

Temper at  w e  

i 
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Figure 3. - Enthalpy of hydrogen. 
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.01. .02 .2 .4 .6 . E  
Equivalence r a t i o  

Figure 4. - Estimated minFmum combustion pressures f o r  hydrogen and JP-4 fuel. 
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Boiling point, OF 

Figure 5. - Laminar flame velocity of fuels relative to JP-4. 
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Temperature, OR 

Figure 8. - Effect of temperature on ductility of several metals. 
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Figure 10. - Effect of a l t i t u d e  on engine spec i f ic  weight. 
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0 

Figure 

- 

14. - 

i 
I I 

Target a l t i t ude ,  f t  

Effect of a l t i t u d e  on radius of mbaonic 
bomber with and without extern61 drop tanks. Fl ight  
Mach number, 0.75; engine A. 



6000 

4000 

2000 

0 
Gross weight, lb 

Figure 15. - Effect  of gross weight on radius  of subsonic 
bomber. F l igh t  Mach number, 0.75; t a rge t  a l t i t ude ,  80,000 
f e e t ;  engine A. 
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60 70 80 90 100x10~ 
Target a l t i t ude ,  ft  

Figure 1 6 .  - Effect of t a rge t  a l t i t ude  and f i e 1  type 
on radius of subsonic bomber. 
130,030 pounds; f l i g h t  Mach number, 0.75; engine A .  

Gross weight, 
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4Ooo 
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C 
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Target a l t i tude,  ft 

Figure 1 7 .  - Effect of target a l t i t u d e  on radius  of 
subsonic reconnaissance airplane with and without 
external drop tanks. 
engine A. 

Flight Mach number, 0.75; 
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Gross weight, lb 

Figure 18. - Effect of gross weight on radius of subsonic 
reconnaissance airplane. 
altitude, 80,000 feet; engine A. 

Flight Mach nuniber, 0.75; target 
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Figure 22. - Effect of  t a rge t  a l t i t ude  and fuel 
type on radius of supersonlc bomber. Gross  
weight, 130,000 pounds; f l i gh t  Mach number, 
2.0; engine B. 
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Gross w e i g h t ,  lb 

Figure 23. - Effect of gross weight on radius of supersonic 
bomber. F l igh t  Mach number, 2.0; t a rge t  a l t i t ude ,  75,000 
feet; engine B. 
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T a r g e t  altitude, f t  

Figure 25. - Effect of target altitude and flight Mach number 
on radius of supersonic recomaissance airplane. 
weight, 75,000 pounds. 
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Gross weight, l b  

Figure 26. - Effect of gross weight on radius of supersonic 
reconnaissance airplane,  F l igh t  Mach number, 2.5; t a rge t  
a l t i tude ,  80,000 fee t ;  engine C .  
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Turbojet C 
Turbojet C 
Ram-jet + Turbojet 
Air-turbo-rocket 
Ram-jet + Rocket 
--jet + Rocket 
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I I  

Weight at rocket 
burn out 

0 100 200 300 400 500 600 7 0 0  
Combat radius , nautical miles 

Figure 29. - Effect of combat radius and Fuel type on gross weight of supersonic 
fighter. Combat altitude, 80,000 feet; maneuverability, 1.1 g 's .  
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Combat alt i tude,  f t  

Figure 30. - Effect of combat a l t i tude  and maneuverability on 
gross weight of supersonic fighter.  Flight Mach nuniber, 2.5; 
engine C; exdybm+fu,e6C)0 oau tLd-d le@m,  o e o e  .e. 
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